Abstract Experimental studies and numerical modeling were conducted to assess the feasibility of a granular activated carbon column to buffer load variations of contaminants before wastewater treatment devices. Studies of cycles of adsorption, and more especially desorption, of methyldiethanolamine (MDEA) and 2,4-dimethylphenol (2,4-DMP) have been carried out on granular activated carbon (GAC). Dynamic variations of contaminants concentrations were run at several conditions of duration (peaks). GAC fixed-bed exhibited a stable adsorption/desorption capacity after undergoing two conditioning cycles. The study of pollution peaks revealed that attenuation is largely dependent on the targeted pollutant: 2.4 ± 0.5 % attenuation/cm of bed for MDEA and 6.0 ± 1.2 % attenuation/cm of bed for 2,4-DMP. Mass balances calculated from both injected and recovered pollutant during peaks were respected. Finally, a coupling of the linear driving force model and isotherms models was used to fit experimental data for both adsorption breakthrough curves and desorption curves. The model was used to predict adsorption and desorption behaviors of following cycles. Good agreement with experimental values was obtained.
Introduction Applied context
Industrial activities generate a large variety of contaminated effluents which require an appropriate treatment before being released into the environment. Depending on the sector of activity, nature and constitution of the effluent, regulations in force, etc., various treatments are implemented. This is the case of wastewater devices such as biofilters or activated sludge. Due to the unsteady-state nature of industrial processes, variations of effluents charge with time (flow and/or concentrations) are very often encountered: daily variations in operating conditions, hourly fluctuations or even more frequent variations caused by process conditions and operations. Most of the time, they negatively impact running forthcoming treatments, with risks of leading to non-respect of discharge norms (Wani et al. 1998; Fitch et al. 2002; Kim et al. 2005; Alinsafi et al. 2006) . In order to avoid this, buffering of wastewater treatment is generally achieved by equalization basins (Argaman et al. 2000) . However, their setup exhibits major disadvantages (large areas, cost, maintenance (Tchobanoglous et al. 2002) . In this context, an alternative solution could be to set up a column of adsorbent, prior to treatment as a buffer/equalizer unit.
At the phenomena scale
The reversibility of adsorption phenomena is one of its interesting features. Thanks to this property, the regeneration of spent adsorbents is usual, through different & S. Bourneuf seda.bourneuf@gmail.com kinds of techniques: hot water desorption (Berčič et al. 1996; Zhonghua Hu et al. 2000) , solvent-assisted desorption (Kim and Kim 2004; Tanthapanichakoon et al. 2005; Muhammad et al. 2011) , saline solution desorption (de Jonge et al. 1996; Ozkaya 2006) or by addition of a polymer (Johnson and Weber 2001) . On an other hand, a few studies propose to use the versatility of adsorption to design a new kind of pre-treatment step before operations that are particularly sensitive to inlet variations of charge (Cox and Deshusses 2002; Iranpour et al. 2005) . During periods of high loading, contaminants would accumulate into the adsorbent. When the inlet charge would return to a usual load, contaminants would progressively be released out of the adsorbent column. By means of this process, a buffering of dynamic load variations could be achieved and contamination loading would be distributed more consistently over time ( Fig. 1 ). Previous studies on such buffering strategy have focused on treatment of gases (Weber and Hartmans 1995; Li and Moe 2005; Moe and Li 2005; Kim et al. 2007; Cai and Sorial 2009) . Data for such treatments on wastewater lines are scarce, and very few experimental works or modeling was found on this subject.
Gaseous development
This strategy, first proposed by Ottengraf (1986) , has been tested for gaseous effluents treatment (Weber and Hartmans 1995; Li and Moe 2005; Moe and Li 2005; Kim et al. 2007; Cai and Sorial 2009; Nabatilan and Moe 2010) . These authors have proven the efficiency of a column of adsorbent to buffer gaseous load variations of volatile organic compounds such as toluene, acetone, styrene, methyl ethyl ketone or methyl isobutyl ketone, and found out significant improvement in following air biofilters efficiency. In all these reports, the adsorption of a pure component (toluene) on granular activated carbon was studied as the first step to determine the ranges of loads that can be buffered as a function of the studied conditions (Weber and Hartmans 1995; Moe and Li 2005; Kim et al. 2007 ). These first investigations generally proposed to use a model calibration to fit experimental data and predict future device setup. The chosen models were linear driving force (LDF) (Kim et al. 2007) (Crittenden et al. 1980; Hand et al. 1997) enabled the prediction of the load-buffering achieved by granular activated carbon (GAC) columns under discontinuous loading conditions.
In the present study
The objective of this study is to conduct experiments while performing numerical simulation to assess the feasibility of activated carbon column to play this buffer role in an industrial context of petroleum wastewater treatment. In this case, major contaminants are hydrocarbons (BTEX, PAHs), chlorinated solvents and phenolic derivatives (Leglize et al. 2006 ). Very few researches have been reported on desorption of a fixed-bed column caused by the variation of contaminant loading in water phase. This work aims to assess the ability of a column of adsorbent to buffer aqueous phase load variations through cycles of adsorption and desorption when facing pollution peaks. It was carried out on laboratory-scale columns of granular activated carbon, through conventional steps for adsorption studies, that is to say adsorption isotherms determination, followed by adsorption/desorption cycles to appreciate the load attenuation. Besides, modeling of both experimental adsorption and desorption curves was accomplished with the combination of linear driving force and isotherm models. The research has been carried out in the Chemical Engineering Laboratory, Toulouse, France (2014). 
Materials and methods

Chemicals and adsorbent
Two contaminants widely found in various wastewaters such as cosmetic, pharmaceutical or petroleum industries have been selected: 2,4-dimethylphenol (2,4-DMP) and methyldiethanolamine (MDEA). These contaminants have been chosen as they are of general concern but also because of their facility of manipulation and quantification. Moreover, another interest resides in their different properties which presuppose various behaviors during adsorption and desorption.
MDEA (C99 %) and 2,4-DMP (98 %) were purchased from Sigma-Aldrich, and aqueous solutions were prepared in demineralized water. Their main physicochemical properties consist of molecular weights of 119.2 and 122.2 g/mol and logK ow value of -1.08 and 2.35 for MDEA and 2,4-DMP, respectively. Granular activated carbon (GAC 1240) was provided by Ceca (France). This mineral micro/mesoporous activated carbon has a BET surface of 892 m 2 /g, a pore volume of 0.47 mL/g and an average particle diameter of 1 mm. Prior to experimentation, the materials were washed with ultrapure water, drained, dried at 105°C for 24 h and then kept in a hermetic vial before use.
Experimental setup
Batch experiments
The adsorption isotherms were determined using various amounts of adsorbent (between 0.05 and 2 g) in glass bottles with 250 mL of a feedstock solution. The bottles were sealed and stirred during 48 h using a thermoregulated bath at 25 ± 1°C.
Fixed-bed experiments
Continuous adsorption/desorption runs were conducted on an experimental setup consisting of small glass columns with an internal diameter of 15 mm. Columns were loaded with various masses of activated carbon in order to operate with a reasonable experience duration (total breakthrough within 10 h): 5 g for 2,4-DMP and 10 g for MDEA experiments. Total GAC packed bed depth was 12.0 and 6.5 cm for MDEA and 2,4-DMP experiments, respectively. Prior to experimentation, columns were rinsed with distilled water for 2 h and air bubbles were removed with the help of a stirrer. Columns were fed with stock solutions of MDEA or 2,4-DMP at a concentration C 0 of 2 g/L thanks to a Minipulse Gilson peristaltic pump at a flowrate of 4.0 ± 0.2 mL/ min (empty bed contact time (EBCT) = 5.5 and 3.0 min for MDEA and 2,4-DMP, respectively). Solution samples were collected at the output of the columns, diluted and analyzed. Experiments were carried out at a temperature of 22 ± 2°C.
Experimental cycles of adsorption and desorption were run with columns successively fed with C 0 stock solutions during the adsorption step and deionized water during the desorption step. The experiments were stopped when no variations in exiting solutions occurred, showing that equilibrium is reached.
Pollution peaks were also studied on a pre-equilibrated column (after an adsorption breakthrough). Once the value of C/C 0 was stabilized, peaks were created by switching the feeding solution at concentration C by another solution at concentration C 9 2 during 20 min. Then, the alimentation was switched again to go back to concentration C. As for cycle experiments, runs were conducted until no variation of concentration was observed in samples of solution samples collected at the columns outputs.
Analytical method
Batch experiment samples were collected from each bottle and filtered through 0.45-lm nylon filters, and the residual aqueous concentration in MDEA or 2,4-DMP was determined by total carbon (TC) analysis, after dilution when necessary to match the analytical range. For fixed-bed experiments, samples were collected at column outlets and aqueous concentration in MDEA or 2,4-DMP was also determined by TC analysis, after dilution when necessary to match the analytical range.
The total carbon (TC) was determined using a Shimadzu TOC-V series with a precision of 2 %. Analysis was performed using an infrared cell and two calibration curves (0-50 and 0-100 mg/L).
Modeling strategy
The mathematical model of the isothermal, dynamic adsorption breakthrough process in a fixed bed is based on transient material balance, liquid phase (external) mass transfer, intrapellet mass transfer, adsorption equilibrium relationship, boundary conditions and initial conditions. Both adsorption equilibrium and kinetics aspect are taken into account. The mass-transfer rate is represented by the LDF model (Glueckauf 1955 ). The LDF model is a lumped-parameter model for particle adsorption. If the flow rate is assumed constant, the mass balance on a portion of the bed is given by Eq. (1) (Ruthven 1984; Tien 1995) .
where C is the concentration in the liquid phase (mol/m 3 ), D ax the axial dispersion coefficient (m 2 /s), u the superficial rate (m/s), e the bed porosity, q AC the activated carbon density (kg/m 3 ) and q the average amount adsorbed (mol/ kg).
In this study, the LDF model was used to describe the intrapellet mass transfer (Brosillon et al. 2001) :
and
where the lumped parameter k p (s
) includes the intrapellet mass-transfer coefficient and eventually surface diffusion if present, k c is the bulk mass-transfer coefficient (m/s), S p the specific surface of the bed (m 2 /m 3 ) (for spherical particles of diameter d p , S p is equal to 6(1 -e)/ d p ) and C the concentration in liquid phase (mol/m 3 ). C s (mol/m 3 ) and q s (mol/kg) are, respectively, the concentration in the liquid and the amount adsorbed at the surface, at the interface between the liquid phase and the adsorbent. Since equilibrium is assumed at this interface, C s and q s are linked by the isotherm equilibrium. Adsorption equilibrium can be described by Langmuir (1916) or Freundlich (1906) equations. The choice of the model of the isotherm equilibrium is discussed later. k c is estimated by the semi-empirical equation of Wakao and Funazkri (1978) :
Sh, Re and Sc are the dimensionless numbers of Sherwood, Reynolds and Schmidt. D ax is estimated by the following correlation (Delgado 2007) .
s is the tortuosity factor which is assumed to be equal to 4 in the present study, value usually encountered for AC's columns (Perry and Chilton 1973; Ruthven 1984) . The model is solved by discretizing the space value z. The resulting algebro-differential system is then solved using the ode15s function in Matlab It is possible to carry out identification of the k p parameter. This identification can be done on a single adsorption or desorption breakthrough, an adsorption-desorption cycle or even several adsorption-desorption cycles. The identification is carried out by minimizing the following criterion, which is defined by the sum of the relative squared differences between the experimental measured data and the model output at different reaction times:
where C OUT (i) mod is the calculated concentration at the outlet of the column at reaction time i, C OUT (i) exp is the experimental concentration at the outlet of the column at reaction time i = 1, 3 min,… several hours, and n exp is the number of experimental concentrations. The criterion chosen is the sum of squared relative errors (SSRE) instead of the classical sum of squared (absolute) errors (SSE). Indeed, some concentrations such as concentrations at the end of desorption cycles are much lower than the concentrations at the end of adsorption cycle for example, so that differences in concentrations at the end of desorption cycles would be ineffective with SSE criterion but would generate very important variations with SSRE criterion by comparison with errors at the end of adsorption cycles. Thus, working with a criterion on relative variations, errors at any time are balanced, which is more representative of the system.
Results and discussion
Adsorption isotherms
The results of the adsorption isotherms carried out for the two selected compounds (2,4-DMP and MDEA) are presented in Fig. 2 . The amount of adsorbed pollutant increases with the equilibrium concentration: Isotherms are favorable and can be described in the range of concentrations tested as type II according to the IUPAC classification (Sing 1985) . This category of reversible isotherms is a characteristic of most activated carbons, adsorbents with a large distribution of pores. Other kinds of isotherms were found with 2,4-DMP on microporous crystalline adsorbents (Aboussaoud et al. 2014) showing unrestricted monolayermultiplayer adsorption.
The adsorption capacity of the selected activated carbon is more important for 2,4-DMP than for MDEA. Indeed, whatever the equilibrium concentration in the aqueous phase, results indicate that the value of q e is consistently higher for 2,4-DMP than for MDEA. Generally, activated carbons preferentially adsorb nonpolar or weakly polar components (Crittenden and Thomas 1998) . The polarity of a molecule is tightly related to its partition coefficient K ow . The characteristics of adsorbates, given in part 2.1., indicates that log K ow = -1.08 and 2.35 for MDEA and 2,4-DMP, respectively. Thus, the hydrophobicity of 2,4-DMP, mostly because of the presence of an aromatic cycle, is higher than of MDEA. For this reason, 2,4-DMP is logically more adsorbed on activated carbon. Freundlich and Langmuir Eqs. (8, 9) , which are the most frequently employed in liquid/solid adsorption studies, were selected to model the adsorption behavior of MDEA and 2,4-DMP:
where q e is the amount adsorbed at equilibrium (mg/g), C e is the equilibrium liquid phase concentration (mg/L), K and n are Freundlich fitting parameters, q m is the maximum amount adsorbed (mg/g) and b is the Langmuir constant. Freundlich and Langmuir parameters can be, respectively, determined through linearization. Results are presented in Table 1 . Freundlich model appears to be the most suitable to describe our experimental data with R 2 C 0.991, while the regression coefficients R Chakma and Meisen (1989) , can probably find explanations in AC characteristics as the SGL pore volume is higher than the value determined for GAC 1240 used in this study (0.47 mL/g). Concerning the differences in adsorption capacity obtained by Lesage (2005) , they may be attributed to other AC specifications such as its origin. Indeed, previous works verified that mineral ACs exhibit higher adsorption capacity for organic compounds than organic ACs (Snoeyink et al. 1969; Choi et al. 2005 ).
Fixed-bed GAC adsorption/desorption tests
Several cycles of adsorption/desorption experiments were conducted on a fixed bed of activated carbon using a continuous single component loading of 2,4-DMP or MDEA to assess the reversibility of adsorption on GAC 1240 and the repeatability of a single adsorption/desorption experiment. Figure 3 presents the results obtained for MDEA (a) and 2,4-DMP (b). For both compounds, it is possible to repeat cycles of adsorption/desorption and their desorbability is confirmed. The amounts adsorbed on virgin carbon during the first cycle (318.9 mg/g for 2,4-DMP and 50.0 mg/g for MDEA) are very close to the amounts predicted by the Freundlich model: 330.6 and 48.3 mg/g for 2,4-DMP and MDEA, respectively, which represents a difference of 3.5 %. It can be noticed that Freundlich model is less accurate to predict the amount of contaminant adsorbed during the following cycles. For those cycles, prediction of adsorption capacity would require the achievement of adsorption isotherm on used GAC (AC with its sites of irreversible adsorption pre-saturated) or would have to be deduced from percentages of irreversibility by taking into account the AC state at the end of the first cycle. The LDF model was calibrated using experimental data for the first cycle of adsorption and desorption. The values of k c and D ax used for each compound are presented in Table 2 . Simulation results presented in Fig. 3 were obtained with the value of the lumped parameter k p identified during the first cycle of adsorption and desorption. Identifications performed on the other cycles led to slightly the same values. Best agreement between experimental data and modeled data is achieved for adsorption breakthrough during the first cycle. Indeed, adsorption minimization criterions (\0.06) are better than those obtained for desorption ([3) , which reveals that desorption stages are less well represented by the LDF model, and a phenomenon which is not taken into account in this model should be considered in further work to obtain perfect fitting of model with experimental data. Otherwise, LDF model gives better correlation of experimental data on the first cycle for each contaminant. In fact, since the LDF model is less efficient to well represent the desorption stage, the initial profiles of the liquid concentration and of the adsorbed amount in the column at the beginning of the adsorption stage of cycles 2 and 3 were less precise. The adsorption profile during cycles 2 and 3 is well represented even if the fitting is not as accurate as for the first adsorption stage. Globally, minimization criterion values obtained for MDEA and 2,4-DMP are not significantly different from one compound to the other. By visual observations, it seems that LDF model provides better fitting for MDEA than for 2,4-DMP, but no clear conclusion can be made on this comparison. However, identified k p values can be compared. The values obtained indicate a higher diffusion for MDEA than for 2,4-DMP. This difference can be explained by the molecule structures. Indeed, with its aromatic cycle, 2,4-DMP has a larger molecule diameter than MDEA which induces steric interferences with activated carbon pores.
Breakthrough curves for MDEA and 2,4-DMP obtained during cycles of adsorption and desorption (Fig. 3) have been gathered and are depicted in Fig. 4a , b for adsorption curves and Fig. 4c, d for desorption curves. For both compounds, the first breakthrough curve exhibits a specific shape, whereas breakthrough curves obtained during cycle 2 and 3 are almost undistinguishable, in particular for MDEA. This suggests differences in the adsorption of pollutant depending on whether the cycle is the first one and hence the state of the activated carbon, whereas no clear distinction has been observed for desorption curves (Fig. 4c, d ). Whatever the compound (MDEA or 2,4-DMP), the three desorption curves can be overlaid. It can therefore be concluded that the state of the activated carbon (virgin for cycle 1 or re-used for cycles 2 and 3) does not impact desorption profiles. Amounts of 2,4-DMP and MDEA adsorbed and desorbed through the three cycles are gathered in Table 3 . The mass of pollutant desorbed during the first cycle is less important than the quantity previously adsorbed. This result indicates that adsorbed pollutant cannot be totally desorbed because of a partial irreversibility of the adsorption process. This trend has already been reported in previous work on activated carbon (Moe and Li 2005) or on other materials such as zeolites (Merle 2009 ). This phenomenon probably results from differences in the strength of contaminant adsorption on high-energy and low-energy sites. During the first breakthrough experiment, pollutant molecules can be adsorbed on any adsorption sites, but during the desorption step, only molecules adsorbed on low-energy adsorption sites are able to be released.
Throughout the following cycles, the proportion of available high-energy adsorption sites is reduced because part of them is already occupied, and thus the proportion of irreversibility is reduced. Indeed, the total percentage of desorbed pollutant increases from 29 to 88 % for 2,4-DMP over cycles. For MDEA, the irreversibility of adsorption is less pronounced with a desorption ratio of 76 % during first cycle and 109 % for the last one. As MDEA is less hydrophobic than 2,4-DMP, its adsorption is more reversible than 2,4-DMP adsorption. Thus, cycle curve shapes depend on the ability of the contaminant to be adsorbed and desorbed. Kinetics of adsorption and desorption have also been investigated. Initial adsorption and desorption rates are presented in Table 4 . For both contaminants, the initial rate of the first adsorption is lower than the ones observed in the next cycles. Complete breakthrough (considered for C/ C 0 [ 0.95) was obtained after 180 min for MDEA whatever the cycle. For 2,4-DMP, time required to reach this point was more important: up to 500 min for the first cycle and more than 400 min for cycles 2 and 3. Taking into account that the bed used for MDEA experiments is twice higher than the one used for 2,4-DMP experiments, this difference is even more important and reveals once again, a higher adsorption capacity of 2,4-DMP than that of MDEA on GAC1240. Concerning desorption, the initial rate for MDEA is almost three times higher than the initial adsorption rate. The behavior is different for 2,4-DMP: except the first adsorption rate, initial desorption rates are almost equivalent to those of adsorption. On desorption experiments, a value of C/C 0 \ 0.05 was reached after 60 min for MDEA versus 400 min for 2,4-DMP.
Gradually, the quantities of contaminant adsorbed and desorbed tend toward equilibrium by stabilization of the GAC column adsorption/desorption capacity.
Load attenuation by GAC columns
Experimentally measured concentrations exiting a fixedbed column of activated carbon undergoing a single component peak of pollution are presented in Fig. 5 . Breakthrough equilibrium was previously reached on two separated columns (one for MDEA and the other for 2,4-DMP) and then used several times before peaks were conducted on each of them. The results obtained indicate a capacity of the AC column to attenuate various concentration loads: maximum C/C 0 values reached for MDEA and 2,4-DMP were, respectively, 1.67 and 1.64, whereas the inlet concentration was multiplied by two. Using Eq. (10), a percentage of attenuation can be estimated from experimental results:
where C p is the concentration of the peak entering the AC column (mg/L), C 0 is the initial inlet concentration (mg/L) and C max is the maximal concentration reached at the end of the column (mg/L). Load attenuation percentages obtained are 29 ± 4 % for MDEA and 36 ± 5 % for 2,4-DMP. The AC column induces a reduction of one-third of Results are significantly different and the load attenuation coefficient of 2,4-DMP is about three times more important than the one calculated for MDEA. This is concordant with the previous observations: Activated carbon adsorption capacity increases with the hydrophobicity of the contaminant. A larger adsorption capacity may result in a higher ability to attenuate a pollution peak. Finally, hydraulic curves have been plotted: They represent a simple flow through a column without adsorption. Hydraulic curves are determined through EBCTs corrected with a tortuosity factor of 4 (Perry and Chilton 1973; Ruthven 1984) . These curves demonstrate the buffering role of AC column since they indicate different profiles of attenuation which occur when no adsorption takes place in the fixed bed. In order to assess whether accumulation of contaminant in the AC column occurs during pollution peaks or not, it is possible to compare amounts injected in the column to those recovered at the end of the column (Table 5 ). The quantity injected can easily be calculated knowing the inlet peak concentration, the flowrate and the peak duration. The amount of pollutant recovered is determined by graphical integration of the peak.
Amounts of pollutant injected in AC columns are entirely recovered (within 6 %) at the end of the column. Thus, it is possible to say that no permanent accumulation occurred in the bed of adsorbent during peaks after steady state was reached. Other authors such as Li and Moe (2005) observed the same phenomenon while treating load variations of toluene and acetone with a fixed bed of GAC. They also noticed various load attenuation capacities of activated carbon according to the targeted contaminant: Indeed attenuation was more pronounced for toluene than for acetone. It has been demonstrated that fixed bed of activated carbon acts like a buffer and could be used to treat multiple pollution peaks without loss of adsorption capacity since no contaminant seems to accumulate.
Conclusion
This work investigated the feasibility of activated carbon column to mitigate transient concentrations. The study of adsorption equilibria of 2,4-DMP and MDEA on GAC 1240 and its modeling by LDF and Freundlich isotherm models allowed the prediction of the component amount that can be adsorbed on virgin carbon during fixed-bed adsorption/desorption experiments. The two compounds showed some discrepancies in their behaviors, logically dependent on the chemical structure of the pollutant, the affinity decreasing with hydrophobicity and the presence of aromatic cycle.
Experimental work demonstrated the relatively good reversibility of adsorption phenomena on GAC 1240. Several cycles of adsorption and desorption could be successively run on a column of fixed-bed adsorbent. However, some irreversible phenomena were evidenced as a portion of pollutant was not desorbed during the first cycle. Desorption curves were reproducible from the second cycle. Concerning adsorption, the reproducibility was achieved after three cycles for both contaminants. After these three cycles, the GAC fixed bed exhibited a steady adsorption/desorption capacity.
Experiments carried out to simulate pollution peaks assessed that amounts of contaminants injected were recovered at the columns outlet. Contaminants (2,4-DMP and MDEA) temporarily accumulated in GAC columns during periods of high loading concentrations and were desorbed when influent concentrations were coming back to initial level. Thus, columns of adsorbent acted as a load buffer and were able to reduce the variations of charges. The percentage of attenuation achieved by the GAC column depended on the physicochemical properties of the pollutant.
The LDF model calibrated by optimizing the lumped parameter k p showed very good fitting with experimental data for the first adsorption and gave reliable predictions for further cycles of adsorption and desorption.
Finally, results from this work showed that transient concentrations mitigation could be achieved by GAC columns. Complementary experiments should be run for a complete process setup, but these results are promising for a further implementation of an adsorbent column as a dampener in industrial wastewater treatment plants.
